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AIMS
To evaluate the impact of perampanel and demographics on clearance of concomitant antiepileptic drugs (AEDs), in patients with
refractory partial-onset seizures.

METHODS
Pooled data from three Phase III clinical studies with adjunctive perampanel were used. Blood samples for evaluation of 11
concomitant AEDs were taken during baseline (before perampanel initiation), and at weeks 10, 14, and 19 during the
maintenance phase of perampanel treatment (2–12 mg/day, once daily at bedtime). Models estimating apparent clearance of
each concomitant AED were fitted to the data, and the effects of perampanel and demographic variables on clearance were
determined. Final models were assessed with goodness of fit plots including population predictions and individual predictions
against observations.

RESULTS
No significant impact of perampanel on clearance was found for clonazepam (n = 81), levetiracetam (n = 330), phenobarbital
(n = 54), phenytoin (n = 90), topiramate (n = 226) or zonisamide (n = 93). Statistically significant, but small and not clinically
relevant increases in model-predicted clearance were detected for carbamazepine (+4.3% with 12 mg perampanel; n = 379),
clobazam (+3.4%males, +7.7% females, 12mg; n = 114), lamotrigine (+9.3%, 12mg; n = 356), and valproic acid (+5.0%, 12mg;
n = 349). Oxcarbazepine clearance was reduced (26%; n = 200), but the clinical relevance is unclear as levels of the active
metabolite (the monohydroxy derivative of oxcarbazepine) were not measured.

CONCLUSIONS
Population PK data show that perampanel (2–12 mg/day, once daily at bedtime) has no relevant impact on the clearance of the
most commonly used concomitant AEDs.
© 2016 The Authors. British Journal of Clinical Pharmacology published by John Wiley & Sons Ltd
on behalf of The British Pharmacological Society
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Impact of perampanel on clearance of concomitant AEDs
WHAT IS ALREADY KNOWN ABOUT THIS SUBJECT
• Perampanel is an adjunctive treatment for partial-onset, and primary generalized tonic–clonic seizures.
• In vitro work indicated a low potential for significant effects of perampanel on CYP or UGT enzymes.
• Perampanel has been reported to affect the exposure of some AEDs and non-AEDs in a limited number of patients. Therefore, we
report full PK models for the impact of perampanel on 11 concomitant AEDs in a Phase III study population.

WHAT THIS STUDY ADDS
• Perampanel does not affect the clearance of most commonly used concomitant AEDs in a clinically relevant way, in patients with
partial-onset seizures.

• While perampanel is associated with a small reduction in oxcarbazepine clearance, the clinical relevance is not clear.
Introduction

Perampanel is an antiepileptic drug (AED) approved for adjunc-
tive treatment of partial-onset and primary generalized tonic–
clonic seizures in patients aged 12 and above [1, 2]. Phase III
data in partial-onset seizures [3–5] and primary generalized sei-
zures [6] have been reported, and several pharmacokinetic (PK)
and PK/pharmacodynamic (PD) analyses of healthy volunteer
and patient populations have been reported [7].

In vitro data in hepatocytes shows that perampanel is me-
tabolized predominantly by cytochrome P450 (CYP) isotype
CYP3A4/5 [7], and therefore its clearance could be affected
by AEDs (and other drugs) that inhibit or induce CYP3A4/5
– this has been extensively characterized and reported in PK
analyses in epilepsy patient populations [1, 2, 8, 9]. When
the effect of perampanel on other drugs was explored,
perampanel was found to have only weak inhibitory effects
in vitro on CYP (CYP2C8, CYP3A4) and uridine diphosphate
glucuronosyltransferase (UGT) enzymes (UGT1A9, UGT2B7),
to weakly induce CYP2B6, CYP3A4/5, UGT1A1 and UGT1A4,
and was not a substrate or inhibitor of drug transporters
in vitro [1, 2, 7]. Consequently, perampanel was not expected
to cause a clinically important effect on the PK of other drugs.
Contrary to these expectations, perampanel, at the highest
approved clinical dose of 12 mg/day, reduces exposure of
the progesterone component of the contraceptive pill. In a
healthy volunteer study, 48 women took perampanel or pla-
cebo concomitantly for 21 days, with an oral combined con-
traceptive pill (Microgynon®) [7]. Perampanel, at its highest
recommended dose of 12 mg (n = 8), but not at doses of 8 or
4 mg/day, was shown to reduce mean Cmax and AUC of levo-
norgestrel by 40% vs. control, with minimal effects on the
ethinylestradiol component (18% reduction in AUC) [7]. This
effect has not been explored further in a wider clinical popu-
lation, and the mechanism is as yet unknown.

In light of this finding, it is important to confirm the ex-
pectation that perampanel has no perpetrator effects on other
AEDs, and this was addressed via population-basedmodelling
of data obtained in three Phase III studies of perampanel in
patients with refractory partial seizures. The impact of
perampanel on the clearance of concomitant AEDs is briefly
summarized in product labels [1, 2], but the modelling pro-
cess and results have not previously been reported in full.
Here we report these data – the final models for each concom-
itant AED, and the impact on the clearance of each AED of ad-
junctive perampanel and demographics in the Phase III PK
population of patients with refractory partial-onset seizures.
Methods

Design
The population was derived from three Phase III, multicentre,
randomized, placebo-controlled trials of adjunctive
perampanel [3–5]. A 6-week pre-randomization phase was
followed by a 19-week double-blind phase, which comprised
a 6-week titration phase and a 13-week maintenance phase.
Patients who completed the study then either had a follow-
up visit, or entered an open-label extension study [10, 11].
Data for this analysis was obtained from the 13-week mainte-
nance phase.

Participants
The patient population is described in full elsewhere [3–5, 10].
Briefly, patients were aged ≥12 years, with partial-onset seizures
that were not controlled despite treatment with ≥2 AEDs in the
past 2 years. Patients could receive up to three concomitant
AEDs in addition to perampanel or placebo, providing doses
were stable, and only one was an enzyme-inducing AED
(EIAED). When the studies began, carbamazepine, phenytoin,
phenobarbital, and primidone were defined as EIAEDs;
however, subsequent analysis of the Phase III studies showed
that perampanel clearance was in fact induced to a clinically
relevant extent by carbamazepine, oxcarbazepine and phenyt-
oin only [1, 12].

The AED PK population included all patients in the
intent-to-treat (ITT) populations who had: at least one quan-
tifiable AED plasma concentration data point at baseline and
another during the maintenance phase; complete dosing and
sampling history; adequate concomitant AED information;
and no protocol deviation that might have affected exposure.

Each of the Phase III clinical trials was performed in
accordance with the Declaration of Helsinki, Good Clinical
Practice ICH-E6 Guideline CPMP/ICH/135/95, European
Directive 2001/83/EC and US Code of Federal Regulations
Title 21. Trial protocol, amendments and informed consent
were reviewed by national regulatory authorities in each
country and independent ethics committees or institutional
review boards for each site. Before participation, all patients
gave written informed consent [3–5].

Treatments
The study drug (perampanel ormatched placebo)was instructed
to be dosed daily at bedtime. Information on concomitant AED
dosing was recorded in the case report form. Inconsistencies
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were identified in some patients between recorded concomitant
AED dosing and blood samples (e.g. missing or zero plasma con-
centrations for AEDs recorded as being taken concomitantly);
subjects with inconsistent information were excluded from
the AED population PK analyses.
Analytical methods
Two blood samples, taken 1–2 hours apart and approximately
10 hours and beyond after the evening dose of perampanel,
were taken by venipuncture for assessment of perampanel
concentration and of concomitant AED concentrations at
visits 6, 7 and 8 (weeks 10, 14 and 19, during the mainte-
nance phase). Additionally, single blood samples were taken
for assessment of concomitant AED concentrations before
the initiation of perampanel treatment at visit 1 (start of base-
line) and visit 2 (start of titration, before the perampanel first
dose); and also after early discontinuation or at study comple-
tion (follow-up visit), if patients did not enter the extension
study. The exact timing of PK sampling relative to dose of
concomitant AEDs is not reported, as time-variant models
were not fitted to the data.

The total plasma concentration of each of the 19 concomi-
tant AEDs was determined using validated assay methods,
utilizing liquid–liquid extraction followed by high performance
liquid chromatography with tandemmass spectrometry. All the
bioanalytical assays were performed by Frontage Laboratories,
Exton, Pennsylvania, USA. Accuracy and precision were within
±15% for low-, mid- and high-level concentrations except at
the lower limit of quantitation, where ±20% was permitted
based on laboratory standard operating procedures and FDA
Guidance for Industry on Bioanalytical Methods Validation,
May 2001. Assay interference was tested for all AEDs on
perampanel and vice versa, with no impact.

For the data analysis, plasma concentrations were
included only for the AEDs that were taken by at least 30
patients each: carbamazepine, clobazam, clonazepam,
lamotrigine, levetiracetam, oxcarbazepine, phenobarbital,
phenytoin, topiramate, valproic acid and zonisamide.
Because the PK sampling was sparse, a sufficient number of sub-
jects were required to adequately characterize the PK of each
AED. A minimum of 30 subjects per AED was considered
appropriate. Therefore, although plasma concentrations were
measured for the following concomitant AEDs, they were not
included in the data analysis because they were taken by
fewer than 30 patients: acetazolamide, diazepam, felbamate,
gabapentin, pregabalin, primidone, rufinamide and tiagabine.
PK modelling
PK model and parameters. Due to the sparse nature of the
data and having only two samples at each visit, 1–2 hours
apart, and missing information on the dosing time of
the concomitant AEDs, the estimation of complete
compartmental PK modelling could not be utilized. Instead,
a model estimating the apparent clearance as the ratio of
the rate of input and the measured concentration was fitted
to the data. The effect of perampanel and intrinsic and
extrinsic covariates on the clearance of each AED was
determined, and declared statistically significant if P < 0.01
(a decrease in objective function of at least 6.64) and the
424 Br J Clin Pharmacol (2016) 82 422–430
95% confidence interval (CI) for the effect parameter did
not include unity.

For all AEDs except phenytoin, a simple model was fitted
to the data, assuming the observed concentration as a
steady-state concentration, close to the Cavss over a dosing
interval, using the relationship:

Cavss ¼ R0

CL

where R0 = total daily dose per 24 hours.
For phenytoin, a Michaelis andMentenmodel usingVmax

(maximal velocity) and Km (Michaelis constant) was fitted to
the data.

For each concomitant AED, the following covariates were
investigated for their effect on apparent clearance: age, race,
weight, fat body mass (FBM), lean body mass (LBM), body
mass index (BMI), gender, concomitant medications,
creatinine clearance and liver function enzymes (alanine ami-
notransferase [ALT] and aspartate aminotransferase [AST]).

Variability in the apparent clearance (CL/F) between subjects
was estimated using an exponential model. Inter-occasion
variability was defined for visits 1, 2, 6, 7 and 8 as five distinct
but identical occasions. The variance of the residual error was esti-
mated with either a combined proportional with additive error
model or only proportional. The first-order conditional estimation
method with interaction (FOCEI) estimation method was used.

Goodness of fit plots of the final model included: scatter
plots of the population predictions (PRED) vs. observations,
on linear and log scales; scatter plots of the individual predic-
tions (IPRED) vs. observations, on linear and log scales; and
scatter plots of the weighted residual (WRES) vs. population
predictions (PRED).

The covariate selection was conducted as follows:

1. A model including all demographic covariates of interest,
AST, ALT and creatinine clearance was estimated, all redun-
dant covariate parameters removed using backward deletion
using the likelihood ratio test (LRT) at P < 0.001.

2. Then all potential AEDs (excluding perampanel) were added
to the resulting model, and submitted to backward deletion
until no redundant AED was present in the model.

3. The final model from step 2 was used to investigate the effect
of perampanel (yes/no), perampanel dose and concentra-
tions on the clearance of the given AED. Linear, log-linear
and Emax (maximum effect on PD assessment) models were
used to test the effect of perampanel.

Clinical relevance. The clinical relevance of any effect of
perampanel on AED clearance was determined by
considering the magnitude of the effect on clearance in
conjunction with the inter-individual variability (IIV) in
clearance. If the effect size was within the magnitude of
IIV, the effect was considered not to be clinically relevant.
The strength of any effect on clearance was also
considered within the guidance from the Food and Drug
Administration (FDA) on drug interactions. They classify
‘weak’ inhibitors as those that cause a 20–50% decrease
in clearance or 1.25- to <2-fold increase in AUC, and
‘weak’ inducers as those that cause a 20–50% decrease in
AUC [13].
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PK model qualification. The simulated and observed data
were represented as a function of the time after dosing,
rounded to the closest hour; i.e., data were summarized by
bins of 1 hour. In addition, the observed data and 5th and
95th percentile limits were presented graphically overall, by
dose and by visit.
Results
The PK population for concomitant AED analysis had broadly
consistent demographics for each concomitant AED studied:
carbamazepine, clobazam, clonazepam, lamotrigine, leveti-
racetam, oxcarbazepine, phenobarbital, phenytoin,
topiramate, valproic acid and zonisamide (Table 1). As pa-
tients could take up to three concomitant AEDs, these groups
are not mutually exclusive.

Observed AED plasma concentration by visit
Box/whisker plots of observed plasma concentrations of each
concomitant AED by visit (before and during perampanel
treatment) are shown in Figure 1. Little change is seen be-
tween median plasma concentration of any AED between
the two pre-perampanel measurements (visit 1 = baseline;
visit 2 = first day of titration, before perampanel dosing) and
during perampanel treatment (visits 6, 7 and 8 = weeks 10,
14 and 19 during the maintenance phase).

Model-predicted clearance of concomitant
AEDs
The model-predicted clearance of each concomitant AED, in
the presence and absence of perampanel, is shown in
Table 2. The clearance of some concomitant AEDs was
significantly affected by gender or by other concomitant
Table 1
Demographics by concomitant AED in perampanel Phase III PK population

AED n
Mean age,
yrs (SD)

Mean weight,
kg (SD)

Male gender,
n (%)

CBZ 379 33.5 (12.8) 68.2 (17.7) 183 (48.3)

CLB 114 32.8 (12.9) 67.9 (17.3) 56 (49.1)

CLN 81 35.6 (13.3) 71.2 (19.0) 33 (40.7)

LTG 356 34.7 (12.5) 73.1 (17.3) 166 (46.6)

LEV 330 35.3 (13.6) 72.3 (17.9) 158 (47.9)

OXC 200 33.8 (13.8) 73.4 (17.6) 98 (49.0)

PHB 54 36.6 (14.2) 72.0 (22.8) 25 (46.3)

PHT 90 36.4 (15.1) 75.0 (19.9) 56 (62.2)

TPM 226 33.6 (13.7) 68.0 (18.0) 112 (49.6)

VPA 349 32.5 (12.6) 68.6 (16.9) 196 (56.2)

ZNS 93 33.3 (13.0) 70.4 (19.0) 40 (43.0)

*Other includes American Indian and Alaska native.
AEDs (e.g. phenytoin); clearance is therefore shown sepa-
rately for these subgroups where necessary. The impact of
demographic covariates on AED clearance is shown in the
Supplemental Material.

Clearance not significantly altered by perampanel. Our
modelling found no significant effect of perampanel on the
clearance of the following AEDs, and the 95% CIs included
unity: clonazepam (Figure 1C), levetiracetam (Figure 1E),
phenobarbital (Figure 1G), phenytoin (Figure 1H), topiramate
(Figure 1I) and zonisamide (Figure 1K).

Full details of the final PK model for each concomitant
AED are shown in Supplemental Tables S1 to S11. Apparent
clearance of clonazepam, in the final model, was increased
when co-administered with phenytoin, valproic acid and
clobazam (Supplemental Table S3); levetiracetam clearance
increased with body weight, and was lower in female subjects
and in subjects co-administered phenytoin or valproic acid
(Supplemental Table S5); phenobarbital clearance was greater
in subjects with AST or ALT greater than two times the upper
limit of normal, and lower in subjects co-administered
lamotrigine or oxcarbazepine (Supplemental Table S7);
phenytoin clearance increased with an increase in its daily
dose and was greater in subjects co-administered
oxcarbazepine or zonisamide (Supplemental Table S8);
topiramate clearance increased with body weight and was
greater in subjects co-administered phenytoin or zonisamide
(Supplemental Table S9); and zonisamide clearance increased
in the presence of phenytoin and phenobarbital and was lower
in subjects treated with clobazam (Supplemental Table S11).

Clearance significantly altered by perampanel, but not clinically
relevant
Carbamazepine. In the final model (n = 379 total, n = 269
with perampanel), carbamazepine dose and valproic acid
Ethnicity, n (%)

White Asian Chinese Black Other*

269 (71.0) 61 (16.1) 36 (9.5) 2 (0.5) 11 (2.9)

76 (66.7) 31 (27.2) 3 (2.6) 0 4 (3.5)

68 (84.0) 4 (4.9) 6 (7.4) 0 3 (3.7)

283 (79.5) 32 (9.0) 25 (7.0) 7 (2.0) 9 (2.5)

265 (80.3) 29 (8.8) 19 (5.8) 12 (3.6) 5 (1.5)

156 (78.0) 22 (11.0) 10 (5.0) 6 (3.0) 6 (3.0)

37 (68.5) 11 (20.4) 4 (7.4) 1 (1.9) 1 (1.9)

57 (63.3) 16 (17.8) 7 (7.8) 7 (7.8) 3 (3.3)

174 (77.0) 23 (10.2) 19 (8.4) 4 (1.8) 6 (2.7)

234 (67.0) 54 (15.5) 46 (13.2) 4 (1.1) 11 (3.2)

64 (68.8) 21 (22.6) 1 (1.1) 3 (3.2) 4 (4.3)

Br J Clin Pharmacol (2016) 82 422–430 425



Figure 1
Box/whisker plots of concomitant AED concentration by visit, in patients taking perampanel concurrently with each AED. Box plots showing ob-
served plasma c-oncentrations of concomitant AEDs by visit. Line: median concentration; box: 25–75th percentiles; whiskers: ±1.5 × interquartile
range; n = number of observations. Visits are as follows: Baseline 1: Start of 6-week baseline phase; Baseline 2: start of 6-week titration phase, on
the day that (but before) the first perampanel dose is administered; visit 6: week 10 (maintenance); visit 7: week 14 (maintenance); visit 8: week 19
(last week of maintenance phase). Plots are arranged alphabetically, from carbamazepine (A) to zonisamide (K)

O. Majid et al.
co-administration were significant covariates (Supplemental
Table S1). In addition, perampanel co-administration increased
carbamazepine clearance, proportional to perampanel dose
and to carbamazepine clearance (final dose effect of
perampanel: 0.00357, 95% CI 0.0001–0.0071; Supplemental
Table S1). However, model-derived predictions of the effects
of perampanel on carbamazepine clearance (3.5 l h�1

without perampanel, 3.60–3.65 l h�1 with perampanel;
Table 2) indicated the magnitude of the perampanel effect
is very small (clearance increased by 4.3% with 12 mg
perampanel). The magnitude of this effect is very small and
within the inter-subject variability – the effect is therefore
not considered clinically relevant.
426 Br J Clin Pharmacol (2016) 82 422–430
Clobazam. The model showed that perampanel was
associated with an increase in clobazam clearance,
proportional to perampanel concentrations and to clobazam
clearance (final concentration-effect of perampanel 0.0000678,
95% CI 0.0000249–0.0001107; Supplemental Table S2).
Model-derived predictions of the effects of perampanel on
clobazam clearance show that in males, predicted clobazam
clearance without perampanel is 3.27 l h�1, and with
perampanel ranges from 3.36 to 3.38 l h�1 (3.4% increase with
12 mg, Table 2). In females, predicted clearance without
perampanel is 1.43 l h�1 and with perampanel ranges from
1.52 to 1.54 l h�1 (7.7% increase with 12 mg, Table 2). The
small magnitude of the increase in clearance, along with the



Table 2
Impact of perampanel on model-predicted clearance of concomitant AEDs in Phase III PK population

Concomitant AED

Number of subjects AED apparent clearance (l h�1) Variability

Taking
AED

Taking
AED + PER

Without
PER

With PER

IIV* (%CV) IOV† (%CV)8 mg 12 mg

CBZ 379 269 3.50 3.60 3.65 22.6 15.7

CLB (males) 56 39 3.27 3.36 3.38
70.5 16.1

CLB (females) 58 40 1.43 1.52 1.54

CLN 81 44 Not altered by perampanel 70.5 16.1

LTG 356 257 1.18 1.27 1.29 49.9 17.2

LEV 330 235 Not altered by perampanel 48.0 18.4

OXC (males, no PHT) 91 56 63.4 46.9

55.2 44.2
OXC (females, no PHT) 96 67 46.7 30.2

OXC (males, with PHT) 7 6 115.6 98.9

OXC (females, with PHT) 6 4 99.0 82.4

PHB 54 37 Not altered by perampanel 53.0 13.7

PHT 90 68 Not altered by perampanel 62.7 22.8

TPM 226 162 Not altered by perampanel 46.0 17.1

VPA 349 246 0.60 0.62 0.63 56.2 17.5

ZNS 93 60 Not altered by perampanel 48.5 14.7

*IIV (%CV): inter-individual variability (% coefficient of variation). †IOV (%CV): inter-occasion variability (% coefficient of variation). CBZ, carba-
mazepine; CLB, clobazam; CLN, clonazepam; LTG, lamotrigine; LEV, levetiracetam; OXC, oxcarbazepine; PHB, phenobarbital; PHT, phenytoin; TPM,
topiramate; VPA, valproic acid; ZNS, zonisamide.

Impact of perampanel on clearance of concomitant AEDs
lack of change in IIV between the base and the final model for
clobazam, suggest that perampanel had no clinically
important effect on clobazam PK.

Lamotrigine. In the final model, lamotrigine apparent
clearance was increased by co-administration with
carbamazepine and phenobarbital and decreased in subjects
treated with valproic acid. In addition, perampanel
increased lamotrigine clearance proportionally to the loge of
perampanel daily dose (final estimate: 0.037; 95% CI
0.018–0.056; Supplemental Table S4). The model predicts a
slight increase of lamotrigine clearance from 1.18 l h�1

without perampanel, to 1.27–1.29 l h�1 in the presence of
perampanel (9.3% increase with 12 mg, Table 2). This effect
was not considered clinically relevant.

Valproate. In the final PK model, valproic acid clearance
increased with body weight and increased proportionally to
perampanel dose (effect of perampanel dose: 0.00761, 95% CI
0.002–0.014; Supplemental Table S10). Model-derived
predictions give valproic acid clearance of 0.60 l h�1 without
perampanel, and 0.62–0.63 with (5.0% increase with 12 mg,
Table 2). The effect was not considered clinically relevant.

Clearance altered by perampanel, potentially clinically relevant
Oxcarbazepine. Observed plasma concentrations of
oxcarbazepine before and during perampanel treatment are
shown in Figure 1F. In the final model for oxcarbazepine,
clearance was lower in females than males and increased when
co-administered with phenytoin. Perampanel co-administration
resulted in a 26% decrease in oxcarbazepine clearance,
independent of perampanel dose or concentration (perampanel
effect �0.261; 95% CI �0.392–�0.13; Supplemental Table S6).
Model-derived predictions of the effects of perampanel on
oxcarbazepine clearance are shown in Table 2. The relevance of
such changes is unknown since oxcarbazepine acts as a pro-
drug to its major metabolite MHD, which has a different
pharmacokinetic profile and was not measured in this study.
However, the magnitude of the effect of perampanel dosing on
oxcarbazepine clearance remains within both the estimated IIV
of 55% and IOV of 41%.
Metabolic pathways
A summary of the metabolic pathways of each concomitant
AED, and the effect of perampanel on its clearance, is shown
in Table 3.
Discussion
Pre-clinical pharmacokinetic studies with perampanel indi-
cated a low likelihood of clinically relevant perpetrator effects
on other drugs: it was not a substrate or an inhibitor of drug
Br J Clin Pharmacol (2016) 82 422–430 427



Table 3
Metabolic pathways and summary of perampanel effect on clearance for concomitant AEDs in Phase III PK population

Concomitant AED Main route of elimination* Effect of perampanel on CL/F of AED

Carbamazepine Oxidation (CYP3A4) CL increases with dose: 4.3% with 12 mg

Clobazam Oxidation (CYP3A4) CL increases with dose: 3.4% in males at
12 mg,7.7% in females at 12 mg

Clonazepam Oxidation (CYP3A4) No effect

Lamotrigine Conjugation (UGT1A4) CL increases with log(dose): 9.3% with 12 mg

Levetiracetam Hydrolysis (25%), renal excretion (75%) No effect

Oxcarbazepine Conjugation (>50%),
renal excretion (>30%)

CL decreases by 26%:
26% reduction in males, no phenytoin,
35.3% reduction in females, no phenytoin
14.4% reduction in males, with phenytoin
16.8% reduction in females, with phenytoin

Phenobarbital Oxidation/conjugation (CYP2C9, 2C19, 2E1),
and renal excretion

No effect

Phenytoin Oxidation (CYP2C9, 2C19) No effect

Topiramate Oxidation (20–60%),
renal excretion (40–80%)

No effect

Valproic acid Oxidation (CYP2A6, 2C9, 2C19, 2B6),
conjugation (UGT1A3, 2B7)

CL increases with dose: 5.0% at 12 mg

Zonisamide Oxidation (CYP3A4), reduction,
acetylation (>50%), renal excretion (30%)

No effect

*Main route of elimination taken from Johannessen and Landmark [14]. CL/F, apparent clearance; CYP, cytochrome P450; UGT, uridine diphosphate
glucuronosyltransferase.

O. Majid et al.
transporters, and had only weak inducing (CYP2B6,
CYP3A4, UGT1A1, UGT1A4) and inhibitory (CYP2C8,
CYP3A4, UGT1A9, UGT2B7) effects on metabolic enzymes
in liver microsomes in vitro (Table 4) [1, 2, 7]. The results
from our clinical analyses in patients taking adjunctive
Table 4
Inducing and inhibitory effects of perampanel demonstrated in
human liver microsomes in vitro

CYP1A2 UGT1A1

CYP2A6 UGT1A4

CYP2B6 UGT1A6

CYP2C8 UGT1A9

CYP2C9 UGT2B7

CYP2C19

CYP2D6

CYP2E1

CYP3A4

Bold text indicates weak inducing effect at up to 30 μmol l�1,
italic text indicates weak inhibitory effect at up to
30 μmol l�1 [2, 7]. No strong inducing or inhibiting effects were
seen.
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perampanel for partial-onset seizures broadly support this
pre-clinical profile.

No significant effects of perampanel on the clearance of
clonazepam, levetiracetam, phenobarbital, phenytoin,
topiramate and zonisamide were found. Statistically signifi-
cant, but very weak, effects of perampanel were detected on
the clearance of carbamazepine (increased by 4.3%), clobazam
(+3.4% in males, +7.7% in females), lamotrigine (+9.3%), and
valproic acid (+5.0%), none of which were considered clinically
relevant. Indeed, the statistically significant findingsmay reflect
the power of populationmodelling to detect drug–drug interac-
tions rather than signifying clinically relevant interactions. The
technique has extremely high power to detect very small differ-
ences. For oxcarbazepine, our model predicted a 26% decrease
in oxcarbazepine clearance in patients taking adjunctive
perampanel (compared with placebo), but the clinical relevance
of this is unknown, as levels of the active metabolite of
oxcarbazepine (MHD) were not measured. Based on the official
FDA categorization of drug interactions, the effects of
perampanel on clearance of carbamazepine, clobazam,
lamotrigine, valproic acid do not even reach ‘weak’ induction,
and the effect on oxcarbazepine is at the bottom of the ‘weak
inhibitor’ range [13]. The mechanism of any interaction with
oxcarbazepine is unknown, and cannot be explained by any
known effects on metabolic enzymes. Perampanel is predomi-
nantly metabolized by CYP3A4 and CYP3A5 enzymes, whereas
oxcarbazepine is metabolized to the active monohydroxy
metabolite MHD by cytosolic enzymes (Table 3). This requires
further investigation.



Impact of perampanel on clearance of concomitant AEDs
Perampanel, in vitro, was found to be a weak inducer of
CYP3A4/5 in liver microsomes (Table 4); therefore, a healthy
volunteer study withmidazolamwas undertaken (midazolam
is the recommended probe to explore CYP3A interactions). In
that study, statistically significant but small reductions on
midazolam Cmax (15%) and AUC (13%) were observed. [7].
Somewhat consistent with this, we saw a small (<5%) in-
crease in clearance of some AEDs that are primarily CYP3A4
substrates (carbamazepine, clobazam) and also of valproate
(for which CYP3A4 is not the primary route) [14, 15];
however, we found no effect of perampanel on the clearance
of clonazepam and zonisamde, which are also CYP3A4
substrates. These small magnitude effects, and lack of consis-
tency relative to CYP/UGT subtypes, seem to suggest random
effects that are reflective of variations in clearance rather than
any consistent inducing or inhibiting effect of perampanel
on CYP or UGT enzymes.

Our analyses here, along with the PK data from clinical
trials, healthy volunteer studies and in vitro data from preclin-
ical studies with perampanel indicated no consistent or clin-
ically relevant effects on other AEDs. However, there is some
evidence that perampanel can affect the exposure of some
drugs, in some patients, but through so far unknown mecha-
nism(s). Perampanel, at a dose of 12 mg/day, has been shown
to reduce AUC of levonorgestrel by 40% in a healthy volun-
teer study in 48 women [1, 2, 7], which cannot be accounted
for by any known effects of perampanel on CYP or UGT en-
zymes, or drug transporters. In addition, a recent publication
reported two cases where the addition of perampanel to AED
regimens coincided with a large reduction in blood levels of
phenytoin in one patient and of rufinamide in another
patient, with the development of convulsive status epilepti-
cus [16]. From our analysis in 90 patients taking phenytoin
(68 with concomitant perampanel; 22 with placebo), we
saw no evidence that perampanel affected phenytoin clear-
ance, but there were insufficient patients taking rufinamide
in the perampanel Phase III studies to determine its impact
on rufinamide clearance. Theoretically, there is no basis for
expecting an interaction with either AED, as perampanel
had no known inhibitory or inducing effects on CYP2C9 or
CYP2C19, the major enzymes responsible for phenytoin me-
tabolism, or any known strong effects on hydrolysis or UGT
enzymes, the main routes of rufinamide metabolism [14].
Known induction or inhibitory effects of perampanel there-
fore cannot account for these two cases. The only additional
route of metabolism that has been explored with perampanel
does not help to explain the levonorgestrel result or the two
cases above. During its clinical development, perampanel
was shown to have no effect on the PK of levodopa (when
given in combination with carbidopa as Sinemet®, to healthy
volunteers), suggesting no interference with decarboxylation
or carbidopa’s inhibition of decarboxylation [7].

Our report is limited by several factors inherent to using
clinical trial data to explore drug interactions. The popula-
tion reflects the required, and often narrow, eligibility criteria
of the clinical trial, so populations of particular interest – e.g.
elderly patients and those with multiple concomitant medi-
cations – are not well represented in our dataset. Although
the PK population was large, only small numbers of patients
were taking some of the concomitant AEDs that are now of
interest (e.g. rufinamide, in light of the case report by Novy
et al. [16]) or newer AEDs that were not frequently used at
the time of the clinical trials. The genetic diversity in meta-
bolic enzyme function is likely to be an important contribu-
tor to the inter-individual variability in clearance that we
saw, but the patient population was not genotyped so this
avenue cannot be explored further. It is theoretically possible
that, by including only patients who had two quantifiable
plasma samples and no changes in concomitant AEDs, our
analysis excluded patients who dropped out or adjusted
AED dosages because of adverse events caused by perampanel
affecting the plasma levels of concomitant AEDs. However,
any such patients would have been included in the pooled
Phase III analyses, where no patterns in side effects or
AE-related discontinuation were evident for any individual
concomitant AED. Overall, 9.5% of the Phase III population
had AEs that necessitated discontinuation from the study [17].

In conclusion, in vitro studies predicted a low potential for
perampanel to interact with other drugs, and our population
PK analysis of perampanel with concomitant AEDs is broadly
in line with this prediction. Perampanel had a small statisti-
cally significant effect on the clearance of several concomi-
tant AEDs, but no consistent or clinically notable effect that
implicates one particular interaction mechanism for this
AED, in our clinical trial population of patients with refrac-
tory partial-onset seizures. However, potential interactions
via unknown mechanisms cannot be excluded, and it will
be valuable to collect information on potential interactions
with perampanel in clinical use.
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